Upstream damming has profoundly impacted downstream channel morphology by altering inflowing water and sediment conditions, which can mostly be ascribed to variations in the flow hydrograph and sediment supply regime. In this paper, channel erosion and deposition during different flowsediment processes are quantified using a 2D hydro-morphodynamic model. Our results revealed that the net erosion mainly occurred during the flood season when the flow discharges were above 15,000 m 3 /s. Together, larger peak discharges and less sediment supply could produce greater net erosion. Flow hydrograph variations could alter the inundation extent, thus creating a more widespread redistribution of channel deposition and erosion and possibly causing a shift in the active channel adjustment area, where more channel scouring and siltation occurred. The channel adjustments caused by the sediment supply regime variations underwent a gradual downward propagation process, and most of the riverbed thalweg profile variations could first be observed at a very short distance from the studied reach entrance. A larger cross-sectional area and channel depth as well as a lower width-depth ratio could result from larger floods and less incoming upstream sediment load. We found that a comprehensive flow-sediment combination coefficient
INTRODUCTION
The morphology of rivers is often the product of natural influences in combination with the effects of artificial projects (Biedenharn et al. ) . In addition to natural events by the natural runoff process and regulation strategy, while the latter is controlled by both the flow hydrograph and upstream sediment supply regime. Considering that the reduced flow discharge due to dam operation generally transfers less sediment and the cascade reservoirs at the upper Yangtze River will entrap more sediment, the sediment supplied to the downstream reach by the same flow discharge will be even less (Yang et al. ; Li et al. a, b) . Therefore, the main objective of this work is to investigate the effect of different flow-sediment processes on the channel morphological adjustments downstream of the TGD using a 2D morphodynamic model. The research questions posed in this paper are as follows:
(1) How is the channel morphology of the studied reach changed during a post-dam hydrological year?
(2) How is the channel morphology changed during different flow-sediment processes?
(3) What influences do different flow hydrographs and sediment supply regimes have on the channel morphology?
STUDY AREA
The Yangtze River has a basin area of 1,800 thousand km 2 and a total length of 6,397 km, and it is usually divided into the upper, middle, and lower reaches according to different regional environments and hydrological conditions In the present work, we adopted a 2D hydro-morphodynamic model (details of model building and validation are included in the Supplementary Material, available with the online version of this paper) to investigate the responses of channel morphology to post-dam flow-sediment variations based on the 'real' hydrological process over 1 year. Because of the high peak discharge and representative flow regulation strategy, a hydrological process that occurred in 2014 at the Shashi Reach is used as the study case, which included the 2014 daily average discharge and sediment transport rate series observed at the Shashi station as the inputs for model validation and benchmark scenario.
Then, we adopted a 'reconstruction' method to obtain another flow hydrograph that can reflect the natural flow regimes at the Shashi Reach and the impact of TGD flow regulation on the flow's seasonal distribution. This method is briefly explained as follows: assuming that the variation in the mainstream discharge of the Yangtze River caused by flow diversion and river confluence between the TGD and Shashi station can be viewed as invariant before and after dam construction, the preregulation (namely unregulated) flow discharge arriving at the Shashi Reach can be calculated simply as follows:
where Q pre and Q post refer to the preregulation and postregulation incoming flow discharge of the Shashi Reach, respectively, and Q in and Q out are the inflow and outflow discharges of the TGD, respectively. The daily average dis- whereas the total water volume remained the same. To create flow hydrographs with similar temporal distribution characteristics but different peak discharges, the Gaussian function is applied to fit the field data and can be expressed
as follows:
where y 0 , x c , and A refer to the offset, centroid position, and covering area, respectively; and w is the width of the curve at the height of (y c À y 0 )=2. Three sets of value groups for these four parameters are attempted and determined, whereby three perfectly smooth hypothetical flow hydro- Immediately following the TGD completion in 2003, the rating curves dropped sharply, especially for large flow discharge, and the average sediment load during the postdam period was nearly one order of magnitude less than that prior to dam construction. Given the construction of the Cascade Reservoirs in the upper Yangtze River, the sediment delivered into the Shashi Reach will be further reduced; thus a further decline in the rating curve will also be expected (Yang et al. ; Li et al. a, b) . Based on this practical descending tendency, three rating curves after dam construction were selected, and they all vary obviously but are limited to a post-dam level (Figure 3 (b); we call these curves S1 to S3 in the order of lowest to highest).
Thus far, all the input scenarios have been accomplished, and their designs are listed in Table 1 . The annual flow and sediment runoff of these scenarios are listed in Table 2 . As mentioned earlier, three flow hydrographs with different peak discharges are elaborated to hold the same total water volume to represent the effects of different flow regulation strategies, while three gradually decreasing rating curves are devised to reflect the sediment load reduction trend due to the construction of the Cascade Reservoirs in the upper Yangtze River. Therefore, the variations in post-run imprints caused by runs that have different flow hydrographs from F1 to F3 but with the same rating curve (S1 or S2 or S3) can be regarded as different flow hydrograph impacts. The variations in post-run imprints caused by runs that have different rating curves from S1 to S3 but with the same flow hydrograph (F1 or F2 or F3) can be regarded as different sediment supply regime impacts. Since this research mainly concerns morphological responses to different flow-sediment processes, the other inputs, including material composition and initial bed elevation, are kept identical for all runs.
RESULTS AND DISCUSSION
Morphological adjustments during the 2014 hydrological year
Although the 2014 hydrological process is not the focus of this present work, because it represents a 'real' post-dam scenario that occurred at the studied reach, the hydraulic and morphological changes produced by this scenario can provide details about the current river regime. According to the magnitude of the net erosion rate, the 1-year adjustment process could be divided into three intervals (see Figure 5 ), and they had daily average net erosion rates of 6,360 m 3 , 32,726 m 3 , and 14,765 m 3 . After entering Interval II, the channel change rate sharply increased until reaching Interval III. Figure 11 shows that the critical discharge required to launch extensive sediment motion amounted to approximately 15,000 m 3 /s, which was slightly less than the post-dam effective discharge calculated by Li
As a key parameter in braided river research, the flow partition index is an important reference in the prediction of braided system evolution, maintenance of channel navigation conditions, and restoration of river ecological systems 
R1
Virtual flow hydrograph with small peak F1 Lower rating curve S1 Quantification of channel's morphological response to different flow-sediment processes R2 Virtual flow hydrograph with medium peak F1 Medium rating curve S2 R3 Virtual flow hydrograph with large peak F1 Higher rating curve S3
R4 Virtual flow hydrograph with small peak F2 Lower rating curve S1 R5 Virtual flow hydrograph with medium peak F2 Medium rating curve S2 R6 Virtual flow hydrograph with large peak F2 Higher rating curve S3
R7 Virtual flow hydrograph with small peak F3 Lower rating curve S1
R8 Virtual flow hydrograph with medium peak F3 Medium rating curve S2 R9 Virtual flow hydrograph with large peak F3 Higher rating curve S3
R10 'Real' flow hydrograph in 2014 'Real' rating curve in 2014 Model validation and morphological change investigation Variations in net erosion volume during different flow-
sediment processes
To investigate the morphological responses of the same initial channel to different flow-sediment processes, scenarios R1-R10 were implemented ( Table 2 ). The temporal variations in net channel change are plotted in Figure 6 .
Intuitively, larger flood discharge and less sediment supply can intensify the net erosion (Dai & Lu ; Yang et al. Thus, for this study, the time when the daily average discharge exceeds 15,000 m 3 /s can be counted as the flood season, and the corresponding flow and sediment statistics are listed in Table 2 . In all runs, the ratios of flow runoff in the flood season to the total annual runoff are approximately the same (70%), and for the sediment load, these ratios are all greater than 88%, which generated 65%-90% of the net channel erosion according to different incoming water and sediment combinations. When the sediment deliv- In a similar way, we aim to find a comprehensive flow-sediment combination coefficient that is best correlated with the overall channel changes. First, we adopted the nonhomogeneous expression F proposed by Xia et al.
(), which can be written as follows:
where Q i and S i are the daily average discharge (m 3 /s) and Consistent with the findings of the field data analysis (Zhang et al. ; Li et al. a, b) , the outcomes of our mathematical simulation showed that most of the changes in channel erosion and deposition occurred in the medium-flow channel, which accounted for more than 70% of the total erosion and 77% of the total deposition in all runs (Figure 9) . Above the bankfull level, few channel changes occurred in terms of erosion and deposition, which accounted for less than 9% and 8% of the total With more sediment entering the studied reach, the erosion was lessened and deposition increased within all channels, with most predominantly occurring in the low-flow channel. Figure 1(c) ), the reachaverage values can be written as follows:
Distribution of deposition and erosion
where H k , and the cross-section area A k ; G i k and x i represent the corresponding cross-section values and the longitudinal distance at the ith section, respectively; N is the number of selected cross-sections, with N ¼ 31 the Shashi Reach and L the total reach length. Figure 12 shows the results of the reach-scale channel width, depth, and cross-section area as well as the widthdepth ratio of T1 to T9. Clearly, the post-run channels generally had greater channel depths and cross-section areas than the initial channel regardless of whether the channels were calculated in terms of low-flow, medium-flow, or bankfull channels. The largest percentage increases in the depth of the low-flow, medium-flow, and bankfull channels were 2.19, 2.97, and 2.26, respectively, and for the cross-section area, these values were 4.29, 2.30, and 0.98, respectively. However, with respect to the channel width, which directly influences the width-depth ratio, the variations showed different growing trends when calculated in terms of differ- We also find that except for the channel width, the variations in channel depth, cross-section area, and width-depth ratio all showed consistent tendencies within the different channels. For example, with the increase in flood discharges from F1 to F3, the low-flow, medium-flow, and bankfull These distribution discrepancies in channel deposition and erosion can eventually be expressed in the post-run channel geometries. Larger peak discharge during the flood season and less sediment supply could induce enlargements in the cross-sectional area, increases in channel depth, and decreases in the width-depth ratio. The largest percentage increases in the depths of the low-flow, medium-flow, and bankfull channels after runs were 2.19, 2.97, and 2.26, respectively, and for the cross-section area, these values were 4.29, 2.30, and 0.98, respectively. No consistent tendency was determined from the channel width results, which can be attributed to the occurrence of various river regulation works and the short simulation time.
